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INTERACTION BETWEEN SHIP-INDUCED STRESS AND ASSOCIATED 
CHARACTERISTICS OF TURBIDITY RECORDS 
S Niehueser, M Ulm, A Arns, J Jensen and V Kelln, Research Institute for Water and Environment, University of 
Siegen, Germany 
K Uliczka and B Kondziella, Federal Waterways Engineering and Research Institute, Germany 
SUMMARY 
In a joint research project between the German Federal Waterways Engineering and Research Institute and the Research 
Institute for Water and Environment of the University of Siegen the ship-induced sediment transport as a proportion of 
the totally transported volume is investigated. Therefore, a field campaign in the Kiel Canal was conducted in 2012 and 
ship-induced loads were recorded. This paper highlights the preliminary results from analyzing the observed variables. 
First independent samples of observed passages were created and used to calculate correlations between the individual 
parameters. In a next step, high frequency turbidity records were separated into a common signal and linked to a critical 
sediment grain diameter. This procedure led to a classification depending on the ship-induced flow velocities because 
common characteristics of the turbidity measurements could be found. For further analyses the groups could be associat-
ed with AIS-transmitted parameters. 
1 INTRODUCTION 
Foreign trade is a vitally important factor in most econ-
omies. In Germany, inland navigation accounted for 
approximately 230 million tons of transported goods in 
2014 (www.destatis.de, German Federal Statistical Of-
fice) indicating the demand for a robust and reliable 
transport infrastructure. However, both natural effects 
and anthropogenic interventions can cause sediment 
deposits in shipping channels and harbors which need to 
be dredged to maintain the infrastructures main function. 
Over the last decades, sediment dynamics have exten-
sively been studied and a comprehensive review particu-
larly dealing with transport issues in the San Francisco 
Bay Coastal System is provided in [1]. 
Sediment transport is generally described having ex-
traordinary complex physical characteristics. The reason 
for that is the variety of parameters which directly influ-
ence the process [2]. Examples are the high turbulent 
hydrodynamical conditions as well as the sediment itself 
with different densities, shapes, grain diameters, grain 
size distributions, and storage conditions. Taking all 
these factors into account highlights that sediment 
transport is governed by quickly changing conditions in 
every time step. Another key challenge in this context is 
to quantify the amount of sediment deposit which is 
directly induced by the ship’s passage and how the con-
sequent sediment transport can be described as a function 
of the ship-induced load. The ship-induced load can be 
described e.g. by waves caused by the ship’s passage, 
hereafter referred to as ship waves. 
Investigations on ship waves are usually based on one of 
the following three methods: A first method is to perform 
expensive field measurements including all relevant 
processes as e.g. turbulences and other predominant 
conditions as e.g. tidal influences (e.g. [3], [4], [5], [6], 
[7], [29]). A second method for calculating the ship-
induced waves is setting up a computational fluid dy-
namics (CFD) model (e.g. [8]) or using Boussinesq-type 
equations (e.g. [9], [10]). Such models are generally 
restricted by the underlying boundary conditions (e.g. 
ship’s hull, inlet/outlet conditions). A third method is to 
rely on laboratory data of ship waves recorded in physi-
cal model experiments but these are limited to certain 
vessel types and waterway conditions [11]. Outcomes 
based on all three methods are often empirical formulas 
for describing wave parameters as e.g. the significant 
wave height but these formulas are usually only valid 
within a pre-defined range (e.g. [12], [13]). Furthermore, 
such empirical formulas are widely used for the calibra-
tion and validation of field measurements or numerical 
models (e.g. [11], [14], [29]). 
In general, when moving along a waterway, a vessel 
usually generates a typical wave pattern which is divided 
into primary and secondary components (e.g. [15], [16], 
[11], [17]). The long-period primary wave is reflected 
alongside the ship and causes a fluctuation of the water 
level. These fluctuations are caused by the pressure and 
velocity distribution along the ship’s hull showing pres-
sure increases at the bow and stern and decreased pres-
sure alongside of the ship. Consequently, rising water 
levels are found at the bow and stern (bow and stern 
wave) and a decreasing water level along the ships’ side 
(drawdown). The drawdown corresponds to a reverse 
flow from the bow to the stern of the ship. 
Replacement processes caused by the different pressure 
conditions induce the short-period secondary wave sys-
tem. This system is mainly characterized by divergent 
and transverse waves (Kelvin waves) travelling away 
from both sides of the ship’s hull with the ridges at an 
angle of 19.47° to the vessel’s moving direction. The 
predominant contribution to the entire water level fluctu-
ation can either originate from the primary or from the 
secondary wave system but depending on the waterway 
conditions. The primary waves prevail in restricted wa-
terways while the secondary wave systems are more 
influential in unrestricted waterways [15]. 
In a joint research project the German Federal Water-
ways Engineering and Research Institute (BAW) and the 
Research Institute for Water and Environment (fwu) of 
4th MASHCON, Hamburg - Uliczka et al. (eds) - © 2016 Bundesanstalt für Wasserbau ISBN 978-3-939230-38-0 (Online) 
DOI: 10.18451/978-3-939230-38-0_3
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the University of Siegen aim at determining the ship-
induced sediment transport as a proportion of the total 
volume transported in a tidal estuary [18]. Here, prelimi-
nary results are introduced, linking turbidity records with 
ship characteristics (e.g. geometry) and ship-induced 
stress (e.g. ship wave) using observational data from a 
field campaign that covers a large number of ship pas-
sages. The measurements were conducted at one specific 
cross-section of the Kiel Canal located in northern Ger-
many and include but are not limited to turbidity records 
as well as geometries and velocities of and nearby the 
ships. Due to the limitation to stationary measurements 
this paper focusses on the aspect of sediment entrain-
ment. Conclusions about the suspended sediment concen-
tration in the entire water column or the sediment 
transport itself cannot be drawn directly. 
However, the intention of this paper is to describe the 
interaction between ship and waterway with regard to the 
entire system and not for individual vessels. 
 
2 STUDY AREA 
 
The Kiel Canal is the most frequented artificial waterway 
in the world and has a total length of about 100 km con-
necting Brunsbüttel at the tidal Elbe River with Kiel at 
the Baltic Sea (see Figure 1) (e.g. [19], [20]). This artifi-
cial waterway reduces the route between the German 
North Sea and the Baltic Sea by nearly 450 km and the 
ships can avoid travelling all around northern Denmark. 
 
 
Figure 1. The Kiel Canal and a picture of the select-
ed cross section during the field campaign 
(Photo: BAW). 
 
In September 2012, the BAW carried out a field cam-
paign in the Kiel Canal covering a period of approxi-
mately one week. The selected cross section is located at 
km 17.925 (near Brunsbüttel). In 2012 ~35,000 vessels 
passed through the Kiel Canal, i.e. more traffic than e.g. 
in the Suez Canal (http://www.wsa-kiel.wsv.de/Nord-
Ostsee-Kanal/). 
The Kiel Canal provides very constant and assessable 
conditions and is neither affected by tides nor strong 
currents (mostly from drainage processes). This very 
specific study site can thus be considered as field labora-
tory, one of the main reasons for selecting it for the field 
campaign. 
 
3 DATA 
 
The above mentioned measuring campaign provides both 
measurements at the bottom of the Kiel Canal as well as 
in the total water column by means of ship-based meth-
ods. Here, the focus is on stationary measurements at the 
bottom of the cross section. Figure 2 (top) shows the 
positions of the probes in the cross section having dis-
tances from the south bank as follows: 43.31 m 
(probe 1), 66.61 m (probe 2), and 82.85 m (probe 3). 
 
  
Figure 2. Overview of the recorded and investigated 
parameter (from top to bottom: idealized 
ship geometry and location of the probes, 
water level fluctuation, turbidity, flow ve-
locity). 
 
For the investigations different parameters were pro-
cessed including water level, ship-induced flow veloci-
ties at the bottom (three-dimensional, recorded as x, y, z 
components) and turbidity information. Temporal resolu-
tions are different for individual parameters with 8 Hz for 
the CTD probe (Conductivity, Temperature, Depth) and 
the turbidity probe (type: SeaPoint, STM), and 32 Hz for 
the flow probe. All datasets were recorded between Sep-
tember 17th 10:00 and September 25th 12:30. In this peri-
od a total number of 509 vessels passed the cross section. 
Observed parameters are exemplarily shown in Figure 2 
considering the passage of one individual vessel. The 
grey dashed line is located at time step 120 s, a relative 
time with respect to the starting point of the passage. 
This point was chosen as a common reference point for 
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R =
𝐶𝐶(𝑥𝑥,𝑦𝑦)�𝐶𝐶(𝑥𝑥,𝑥𝑥)⋅𝐶𝐶(𝑦𝑦,𝑦𝑦) (1) 
 
where C is the covariance which is defined for two ran-
dom variables x and y as 
 
Cov(x, y) =
1𝑛𝑛−1∑ (𝑥𝑥𝑖𝑖 − 𝜇𝜇𝑥𝑥) ⋅ (𝑦𝑦𝑖𝑖 − 𝜇𝜇𝑦𝑦)𝑛𝑛𝑖𝑖=1  (2) 
 
where n is the length of x and y and μ is the mean of x 
and y. Thus, the correlation coefficient ranges from -1 to 
1, whereas correlation coefficients below zero show 
negative correlation, correlation coefficients equal to 
zero point out no correlation, and correlation coefficients 
larger than zero reveal a positive correlation. 
The significance test is based on an approximate test for 
the hypothesis of no correlation. The estimation uses  
 
p = |𝑅𝑅|� 𝑛𝑛−21−𝑅𝑅2 (3) 
 
and compares p with critical values from the t-
distribution with n-2 degrees of freedom [22]. The criti-
cal values are chosen on a significance level of 5% which 
means, if p ≤ 0.05, the correlation is significant. 
In the next step two smoothing methods, namely moving 
average and principal component analysis (PCA), were 
tested and applied to the turbidity records of sample 2. 
The smoothing is required as the high frequency turbidity 
records also include spikes and outliers which need to be 
eliminated for further analyses. Additionally, some of the 
smoothing techniques enable to extract a common signal 
from likewise ship passages needed to describe the gen-
eral system behavior. The results are later on used to 
derive a generalized and robust description of the high-
resolution turbidity data and to avoid misinterpretations 
in the temporal location and/or in magnitude of the de-
tected maximum. 
The moving average (also called running mean) is an 
example for a low-pass filter technique removing higher 
frequencies from time series and thus smoothing the data. 
This method as well as other linear smoothing methods is 
reviewed in [23]. During the procedure, every nth-value 
of the original time series Y is substituted by the mean of 
the nth-value, the q previous and the q subsequent values 
of Y: 
 
X𝑛𝑛 = 12𝑞𝑞+1 ⋅ � Y𝑛𝑛−𝑗𝑗+𝑞𝑞𝑗𝑗=−q  (4) 
 
The successive calculation of the mean for all values of 
Y with a moving window of 2q+1 values that is continu-
ously pushed forward is responsible for the method’s 
name. The smoothing intensity can be controlled by 
changing the window size. A larger q leads to a larger 
window and therefore to a stronger decrease in the vari-
ance of Y. A disadvantage in this context is the missing 
availability of smoothing several data sets simultaneous-
ly. Each time series has to be smoothed individually. 
In contrast, the PCA is a multivariate statistical method 
to detect the common signals in multidimensional data 
sets like a set of turbidity time series. The main ad-
vantage in this context is the possibility of identifying 
patterns in the data set. This allows showing up the simi-
larities as well as the differences. Furthermore, the di-
mensions of the original dataset can be reduced by dis-
carding certain information [24]. However, vessels with 
identical characteristics can be classified and then subse-
quently analyzed in groups. 
[25] give a short description on how to use the PCA 
approach. The first step is the calculation of the eigen-
values and the eigenvectors of the covariance matrix. 
This builds a decomposition of the data set into orthogo-
nal components based on the criterion of maximum vari-
ability. The eigenvectors are composed by one compo-
nent for each dimension of the data set respectively (in 
this case turbidity time series for each vessel). Further-
more, the eigenvectors represent the principal compo-
nents while the corresponding eigenvalues constitute the 
proportion of the total variance explained by the individ-
ual principal components. The original set of time series 
can be reconstructed by taking all the principal compo-
nents into account. If the aim is to reduce the vessel’s 
turbidity time series to the main common signal, not all 
principal components should reasonably be used for the 
analyses but these which explain most of the variance in 
the turbidity records. 
The smoothed time series of the turbidity records will be 
used for investigating the relationship between ship-
induced stress and the turbidity. In particular, the turbu-
lent flow velocity at the bottom of the cross section is 
regarded to determine the entrainment of the sediments 
and the resuspension process. To get a first idea, a grain-
diameter-based Froude number is used for the analyses 
[26]: 
 
360 =
v𝑚𝑚2𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⋅𝑔𝑔 (5) 
 
where vm is the mean velocity of the flow at the bottom 
of the cross section, dcrit is the critical grain diameter, and 
g is the gravitational acceleration. As mean flow velocity 
at the bottom of the cross section, the resulting ship-
induced flow velocity at the bottom of the cross section 
is used. Hence, the results may be considered as approx-
imation to describe the interaction between a passing 
ship and the waterway even if there are more detailed 
approaches for calculating the entrainment of the sedi-
ments. 
Afterwards a threshold classification based on the critical 
grain diameter was conducted yielding in a general de-
scription of the turbidity curve for each group. In the last 
step, the groups are assigned to directly measurable pa-
rameters e.g. to AIS data like the length or the draft of a 
ship. 
 
5 RESULTS 
 
5.1 DATA ASSIMILATION 
 
The data assimilation was performed using the described 
criteria for selecting unaffected ship passages. After that 
257 passages remain for sample 1 (correlation analysis) 
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scribed compared to e.g. afore mentioned parameters. 
Therefore, the principal component analysis was used to 
find out common patterns in the turbidity measurements. 
The common signal in the turbidity records in terms of 
the first and second principal component were used to 
link a critical grain diameter and the corresponding flow 
velocity at the bottom of the cross section. This approach 
was used to classify the turbidity records and not to de-
scribe the underlying physical processes in detail. The 
classification shows appropriate results and can addition-
ally be directly assigned with AIS-transmittable parame-
ters (e.g. length or draft of a ship). A validation of the 
chosen grain diameter approach is still needed and 
should include comparisons with other studies. Thresh-
olds of sediment movement are e.g. described by [28]. 
In a next step, further effort is on deriving a generalized 
description of the classified turbidity time series since the 
high resolution records still contain individual character-
istics. On this basis, the maximum but also the total 
shape of the generalized turbidity curves can be taken 
into account depending on the specific issue. An estima-
tion of the ship-induced sediment transport will then be 
possible with the residence time from the generalized 
turbidity time series (assuming a higher amount of sus-
pended sediment concentration during the residence 
time). The proportion of ship-induced sediment transport 
including uncertainties can then be approximated for 
waterways based on AIS-transmitted parameters. 
Furthermore, combined with AIS-parameters a future 
sediment transport can also be estimated based on the 
expected ship traffic. 
However, the current results are still limited to the Kiel 
Canal. To achieve a general description of the sediment 
transport the developed methods have to be applied to 
other (tidal) waterways, e.g. the Elbe river. 
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